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Abstract 29 
Forage systems are the major land use, and provide essential resources for animal feeding. Assessing the 30 
influence of forage species on net ecosystem CO2 exchange (NEE) is key to develop management 31 
strategies that can help to mitigate climate change, while optimizing productivity of these systems. 32 
However, little is known about the effect of forage species on CO2 exchange fluxes and net biome 33 
production (NBP), considering: species ecophysiological responses; growth and fallow periods 34 
separately; and the management associated with the particular sown species. Our study assesses the 35 
influence of cereal monocultures vs. cereal-legume mixtures on (1) ecosystem-scale CO2 fluxes, for the 36 
whole crop season and separately for the two periods of growth and fallow; (2) potential sensitivities of 37 
CO2 exchange related to short-term variations in light, temperature and soil water content; and (3) NBP 38 
during the growth period; this being the first long term (seven years) ecosystem-scale CO2 fluxes dataset 39 
of an intensively managed forage system in the Pyrenees region. Our results provide strong evidence that 40 
cereal-legume mixtures lead to higher net CO2 uptake than cereal monocultures, as a result of higher gross 41 
CO2 uptake, while respiratory fluxes did not significantly increase. Also, management associated with 42 
cereal-legume mixtures favoured vegetation voluntary regrowth during the fallow period, which was 43 
decisive for the cumulative net CO2 uptake of the entire crop season. All cereal-legume mixtures and 44 
some cereal monocultures had a negative NBP (net gain of C) during the growth period, indicating C 45 
input to the system, besides the yield. Overall, cereal-legume mixtures enhanced net CO2 sink capacity of 46 
the forage system, while ensuring productivity and forage quality. 47 
 48 
Key words: ecosystem respiration (Reco), gross primary production (GPP), light response, management, 49 
monocultures, net ecosystem CO2 exchange (NEE).  50 
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1. Introduction 51 
Forage systems, including feed crops together with intensively and extensively managed pasturelands, are 52 
the major land use, covering about 30% of the world’s terrestrial  surface and 80% of agricultural land 53 
(Steinfeld and Wassenaar, 2007). Thus, assessing the role of forage species on the carbon (C) balance of 54 
these systems is essential to develop management strategies that can mitigate climate change, while 55 
optimizing productivity. To this regard, forage mixtures have been generally associated with higher 56 
productivity than monocultures (Brophy et al., 2017; Finn et al., 2013; Kirwan et al., 2007; Ribas et al., 57 
2015), resulting from higher resource use efficiency, including light (Hofer et al., 2017; Milcu et al., 58 
2014), water (Chapagain and Riseman, 2015; Liu et al., 2016), and nitrogen (Sturludóttir et al., 2013; 59 
Suter et al., 2015). Mixtures have also been described to present lower rates of weed invasion (Connolly 60 
et al., 2018; Frankow-Lindberg et al., 2009; Kirwan et al., 2007). However, the role of forage species in 61 
the net ecosystem CO2 exchange (NEE), as well as on NEE components — gross primary production 62 
(GPP) and ecosystem respiration (Reco) — is less understood.  63 
In addition, the interaction between local conditions and management practices result in high CO2 64 
exchange variability (Moors et al., 2010; Oertel et al., 2016). And, while information on the CO2 budget of 65 
grasslands (Berninger et al., 2015; Imer et al., 2013; Schaufler et al., 2010) and forage crops  (Ceschia et 66 
al., 2010; Kutsch et al., 2010; Vuichard et al., 2016) of central and northern Europe is rather abundant, 67 
such information is very scarce in the Mediterranean basin, even though it is a highly vulnerable region to 68 
climate change (FAO, 2010). Indeed, forage productivity in Mediterranean areas is among the lowest in 69 
Europe (Smit et al., 2008), due to important water constraints (Porqueddu et al., 2016), and more 70 
information is needed to establish management practices that may enhance C sequestration while ensuring 71 
productivity. 72 
In addition, it is also crucial to understand the role of forage species in net biome production (NBP), 73 
accounting for all C inputs and exports (NBP = NEE – Cinput + Cexport), to assess the final C budget, 74 
beyond the NEE. In fact, many grasslands and forage crops may be acting as net CO2 sinks when only 75 
assessing NEE, but they become net CO2 sources when accounting for the oxidation (via digestion by 76 
animals) of total exported biomass (Ceschia et al., 2010; Kutsch et al., 2010; Moors et al., 2010). 77 
Our study presents in this regard the first long-term (seven years) dataset of ecosystem-scale CO2 fluxes 78 
of an intensively managed forage system in the Pyrenees, which combines a crop rotation of cereal 79 
species grown in monocultures and cereal-legume mixtures, with direct grazing after the harvest (fallow 80 
period). Such practices have been traditionally conducted in Mediterranean mountain regions (Sebastià et 81 
al., 2011) to increase productivity and preserve soil fertility (Sánchez et al., 2013).  82 
Thus, our objective is to assess differences between cereals grown in monoculture and cereal-legume 83 
mixtures in (1) ecosystem-scale CO2 fluxes, for the whole crop season and separately for the two periods 84 
of growth and fallow; (2) potential sensitivities of CO2 exchange related to short-term variations in light, 85 
temperature and soil water content; and (3) NBP during the growth period. Also, we hypothesize that 86 
cereal-legume mixtures in comparison to cereal monocultures: (1) will show more net CO2 uptake (more 87 
negative NEE); (2) this increase in the net uptake will be due to increased GPP in combination with 88 
unchanged Reco; and (3) will show more negative NBP.  89 
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2. Material and methods 90 
2.1 Study site and experimental design 91 
The study site is a forage system located in the montane elevation belt of the Eastern Pyrenees, in Pla de 92 
Riart (42° 03' 48" N, 1° 30' 48" E), at 1003 m a. s. l. Climate is sub-Mediterranean (Peel et al., 2007), 93 
typical in mountain areas with Mediterranean influences, with a mean annual precipitation of 750 mm and 94 
mean annual temperature of 11 ºC (Ninyerola et al., 2000), including the summer drought period. The soil 95 
is a petrocalcic calcixerept (Badía-Villas and del Moral, 2016). 96 
All management events, including fertilizing, sowing and harvesting (Table 1) were reported by the 97 
manager of the site and validated by in situ visits. The site was managed by a rotation of cereals grown in 98 
monoculture and cereal-legume mixtures. Every year the yield was harvested, and during the fallow (from 99 
harvest to next sowing), the voluntary regrowth of the vegetation was extensively grazed by around 100 
30 cattle (≈ 0.91 livestock units (LSU) ha−1) from late August to late October (Fig. 1).  101 
Yield was estimated (Table 1) considering the productivity reported by the manager and in situ samplings 102 
after oven drying plant material at 60 ºC until constant weight. Plant material was analysed to determine C 103 
content and forage quality indicators (Table S1). Analyses were performed by the Department of Animal 104 
and Food Science, Autonomous University of Barcelona according to standard methods (Table S1). 105 
Afterwards, C exported through yield (Table 1) was estimated, considering the yield, species proportions 106 
(Fig. 1), and species C content (Table S1). C exported through yield was used to account for the NBP 107 
(Sect. 2.5). 108 
2.2 Eddy covariance measurements 109 
The site is equipped with an eddy covariance flux station, running since August 2010, and our study 110 
period included data from sowing of the first studied season (barley, sown 01/11/2010) until the end of 111 
the fallow period of the last studied season (oat and vetch mixture, 01/11/2017, Fig. 1). The eddy 112 
covariance flux station continuously measured the concentration of CO2 (mmol m
–3
) and H2O (mmol m
−3
) 113 
using an open path CO2 and H2O gas analyser (LI-7500, LI-COR Inc., Lincoln, NE, USA), and turbulent 114 
flux components, including wind direction and speed using a 3D sonic anemometer (CSAT-3, Campbell 115 
Scientific Inc, Logan, UT, USA) to calculate CO2, H2O, and energy exchange at the ecosystem level. 116 
In addition, the station recorded ancillary meteorological variables, including incoming and outgoing 117 
shortwave and longwave radiation (NR01, Hukseflux, Delft, the Netherlands); air temperature (Ta, CS215, 118 
Campbell Scientific Inc, Logan, UT, USA); average soil temperature 1-20 cm (Ts, TCAV, Campbell 119 
Scientific Inc, Logan, UT, USA); volumetric soil water content (SWC, CS616, Campbell Scientific Inc, 120 
Logan, UT, USA); photosynthetically active radiation (PAR, SKP215, Skye Instruments Ltd, Powys, UK); 121 
and normalized difference vegetation index, calculated as NDVI = (NIR − Red) / (NIR + Red), where 122 
“Red” and “NIR” are the spectral reflectance measurements acquired in the red and near infrared regions, 123 
respectively. 124 
Raw data provided by the sensors were processed and CO2 fluxes were calculated at 30-minute averages 125 
using the EddyPro software (LI-COR Inc, Lincoln, NE, USA). Negative values refer to the flux from the 126 
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atmosphere to the biosphere and positive values correspond to the flux from the biosphere to the 127 
atmosphere (micrometeorological sign convention).  128 
We applied frequency response corrections (Moncrieff et al., 2004, 1997), density fluctuation corrections 129 
(Webb et al., 1980), and determination of data quality using the Foken et al., (2004) approach. The 130 
Foken et al. (2004) approach suggests a quality scale ranging from 1 (highest data quality) to 9 (poorest 131 
data quality), and records with quality 7 or higher were excluded (Papale, 2012). Also, CO2 fluxes outside 132 
a physically realistic range (± 50 µmol m
–2
 s
–1
) were rejected.  133 
We inspected night-time (PAR < 5 µmol photons m
–2
 s
–1
) CO2 fluxes, as they tend to be underestimated 134 
under low turbulence (Aubinet et al., 2012), conditions that can be frequent at night. We carefully 135 
examined the possibility of a low turbulence effect assessing the existence of an u*  threshold at all 136 
recorded Ts classes (Reichstein et al., 2005), ranging from –3 to 34 ºC in 1 ºC intervals. Relevant u* 137 
thresholds were not detected. In addition, we inspected night-time CO2 fluxes in order to detect possible 138 
outliers and calculated the 0.025, 0.25, 0.5, 0.75 and 0.975 quantiles for each Ts class. Data below the 139 
lowest (0.025) or the highest (0.975) quantile were excluded from further analysis. 140 
Data were filtered according to the footprint, based on the Kljun model (Kljun et al., 2004), including all 141 
the fluxes in which more than 80% of the contribution came from the study field (Göckede et al., 2008). 142 
After all data cleaning and filtering, retained data for further analysis were a 65% of all the available data, 143 
ranging between 81% and 53% depending on year (Table S2). 144 
Afterwards, we gap-filled NEE data using the sMDSGapFill function (Reichstein et al., 2005) of the 145 
REddyProc package (Wutzler et al., 2018) for R software (R core Team, 2017). The goodness of the 146 
gap-filling was also inspected comparing observed NEE data with their theoretically predicted data by 147 
gap-filling (see an example in Fig. S1). Gap-filled NEE data were also partitioned into GPP and Reco, 148 
using the night-time based partitioning approximation, SMRFLuxPartition equation, also of the 149 
REddyProc package.  150 
In line with our first objective, we described NEE, GPP and Reco dynamics, and performed budgets 151 
(expressed in g C m
−2
) for each: (a) crop season — from sowing to sowing —, (b) growth period — from 152 
sowing to harvesting —, and (c) fallow period — from harvesting to sowing. Note that in 2014 systematic 153 
data gaps occurred due to energy supply problems, for which NEE, GPP and Reco budgets could not be 154 
calculated. However, 2014 gap-filled data were used to describe CO2 exchange dynamics, and 2014 real 155 
recorded data were included in all the modelling. 156 
2.3 Net ecosystem CO2 exchange modelling: diversity-interaction model 157 
Species can drive ecosystem functions via species identity effects, but also via species interactions and 158 
complementarity effects (Kirwan et al., 2007; Orwin et al., 2014; Wolfgang et al., 2017). Thus, also in 159 
line with our first objective we disaggregated the influence of cereal monocultures form cereal-legume 160 
mixtures on NEE using a diversity-interaction approach (Kirwan et al., 2007, 2009). The approach 161 
compares a null model, in which a change in the diversity has no effect on the response variable, with 162 
models that address the diversity influence at different levels. 163 
In our study we compared the null model Eq. (1), in which NEE (μmol CO2 m
–2
 s
–1
) depended only on 164 
environmental variables, including Ta (ºC), net radiation (Rnet, W m
−2
), SWC (fraction), vapour pressure 165 
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deficit (VPD, hPa), and time ― considering time as crop season ― with a diversity-interaction model, 166 
which included species identity and species interaction effects Eq. (2). 167 
 168 
                                                  
(Equation 1. Null model) 169 
 170 
                                                
(Equation 2. Diversity-interaction model) 171 
 172 
Here P indicates species proportions and the sub-index B indicates barley, T triticale, W wheat, O oat and 173 
V vetch respectively. The models were run without intercept in order to test the effect of all the species 174 
proportions at the same time. 175 
A preliminary modelling showed that SWC and time could be excluded from the null model Eq. (1), since 176 
the inclusion of these variables did not provide a better fitting. Then, the null model Eq. (1) and the 177 
diversity-interaction model Eq. (2) were compared by an analysis of variance (ANOVA) to account for 178 
the most parsimonious and explanatory model. The diversity-interaction model was significantly different 179 
from the null model (F = 7.65, p < 0.001); therefore, the final model was the diversity-interaction model, 180 
which included the proportion of each forage species and its interactions, in addition to environmental 181 
variables (Ta, Rnet, VPD). 182 
The approach was run on all observed data (30-minute average); on daily-averaged data; and on 183 
weekly-averaged data. The model performed the best fitting (best adjusted R
2
) when using 184 
weekly-averaged data, probably due to a considerable day-to-day variability of the environmental 185 
variables and CO2 fluxes. Also, considering that the main goal of this analysis was to assess the influence 186 
of forage species on NEE, whose influence is probably more noticeable at a seasonal scale, we present the 187 
model run on the weekly-averaged data, as it was able to reduce noise and extract the influence of forage 188 
species with greater reliability.  189 
2.4 CO2 exchange response to light, temperature and soil water content 190 
In line with our second objective, we explored differences between cereal monocultures and 191 
cereal-legume mixtures from a mechanistic perspective, modelling separately light response of observed 192 
CO2 fluxes during daytime (termed as NEEday in what follows), and Ts and SWC response of night time 193 
fluxes (termed as Reco,night in what follows) as explained below. 194 
  195 
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2.4.1 NEEday light response 196 
 NEEday (PAR > 5 µmol photons m
–2
 s
–1
) light response was modelled using a logistic sigmoid response 197 
function (Moffat, 2012), which models NEEday (µmol CO2 m
–2
 s
–1
) as function of PAR Eq. (3). 198 
 199 
                 (     
 
   
        
      
)          
(Equation 3) 200 
 201 
Here GPPsat (µmol CO2 m
–2
 s
–1
) is the asymptotic gross primary production, α (dimensionless) is the 202 
apparent initial quantum yield, defined as the initial slope of the light-response curve, and Reco,day 203 
(µmol CO2 m
–2
 s
–1
) the average daytime ecosystem respiration. Light response parameters (GPPsat , α and 204 
Reco,day) were calculated for each day and crop season, using the nlsList function of the nlme package 205 
(Pinheiro et al., 2015). Parameters whose estimates were not significantly different from zero (p ≥ 0.05) 206 
were discarded from further analysis.  207 
Afterwards, we described light response dynamics and assessed differences on the light response parameters 208 
between cereal monocultures and cereal-legume mixtures for each period (growth and fallow). For that purpose 209 
we ran an ANOVAs and tukey post-hoc tests, using the HSD.test function of the agricolae package 210 
(Mendiburu, 2017), with the given parameter (GPPsat , α and Reco,day) as a function of forage type (cereal 211 
monoculture and cereal-legume mixture) in interaction with period (growth and fallow).  212 
2.4.2 Reco,night response to temperature and soil water content  213 
A preliminary overview of Reco,night (PAR < 5 µmol photons m
–2
 s
–1
) suggested that Reco,night increased with 214 
Ts at Ts < 20°C, but decreased above this threshold. Therefore, we modelled Reco,night (µmol CO2 m
–2
 s
–1
) 215 
as a function of Ts (ºC) and SWC (fraction) using the equations proposed by Reichstein et al. (2002), 216 
which consider changes in the temperature sensitivity depending on soil moisture Eq. (4-6). 217 
 218 
                    (      )   (   ) 
(Equation 4) 219 
 220 
 (      )   
  (   ) (
 
       
 
 
     
)
 
(Equation 5) 221 
 222 
 (   )  
        
(           )  (        )
 
(Equation 6) 223 
 224 
Here the activation energy, E0 (ºC
−1
), is a linear function of SWC (E0 = a+b·SWC); Tref is the reference 225 
temperature, set as the mean temperature of a given period, here set as the mean Ts of the entire 226 
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measuring period (Tref = 12.12 ºC); T0 the lower limit for Reco,night, here set at –46.02 ºC, as in the original 227 
model by Lloyd and Taylor (1994); SWC0 (fraction) the soil water content below which Reco,night ceases; 228 
SWC1/2 (fraction) the soil water content at which maximal Reco,night halves; and Reco,ref (μmol CO2 m
–2
 s
–1
) 229 
the reference ecosystem respiration at standard conditions (Tref) and non-limiting SWC (Reichstein et al., 230 
2002). Reco,night response parameters (Reco,ref, E0, SWC0 , SWC1/2) were calculated considering all seasons 231 
together (2011-2017) and for each crop season, using the nlsList function.  232 
Similarly as in the diversity-interaction model (Sect. 2.3), we performed the Reco,night modelling on all 233 
observed data (30-minute average), on daily-averaged data and on weekly-averaged data. Afterwards, we 234 
calculated R
2
 as the linear relationship between modelled and measured observations. The model 235 
performed best (highest R
2
) when using weekly-averaged data, probably due to the high day-to-day 236 
variability of Reco,night and Ts. 237 
2.5 Net biome production (NBP) 238 
Finally, in line with our third objective, we estimated the NBP during the growth period. NBP can be 239 
estimated knowing the NEE; C exports, including harvest/grazing and other gas emissions such as 240 
methane or volatile organic compounds; and C imports, including organic C fertilizers and sowing. In our 241 
study, C exports through methane were expected not to be very significant, because methane effluxes 242 
require water saturated soils, typically with standing water (Oertel et al., 2016), which was never the case; 243 
and volatile organic compounds were expected to be negligible (Soussana et al., 2010). C inputs through 244 
sowing and fertilizers (mostly inorganic nitrogen fertilizers, Table 1) could also be neglected as they only 245 
represent a very small C amount.  Thus, we estimated the NBP during the growth period as the sum of the 246 
NEE budget of that period and C exported through the yield Eq. (7). 247 
 248 
               
(Equation 7) 249 
 250 
3. Results 251 
3.1 Forage species influence on CO2 exchange dynamics and budgets 252 
Seasonal CO2 flux dynamics evolved according to environmental conditions, forage growth and 253 
management events (Fig. 2). Maximum net CO2 uptake was achieved during spring, when temperatures 254 
were mild, SWC increased, and the forage development reached its peak biomass (Fig. 2). CO2 exchange 255 
capacity of the system decreased with harvesting (Fig. 2.a), also showed by the drastic decrease of the 256 
NDVI (Fig. 2.d).  257 
The field acted as a net CO2 sink throughout all the studied crop seasons (negative NEE, Fig. 3.a). NEE of 258 
cereal-legume mixtures was more negative and less variable (−363 g C m−2, year 2013, and 259 
−383 g C m−2 year 2017, Fig. 3.a) than that of cereal monocultures (ranging from −70 to −226 g C m−2, 260 
Fig. 3.a). 261 
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During the growth period, cereal-legume mixtures showed the highest net CO2 uptake, with a NEE of –359 262 
and −429 g C m−2 in 2013 and 2017 respectively (Fig. 3.b). On the other hand, cereal monocultures had a 263 
NEE that ranged from –128 to −348 g C m−2 (Fig. 3.b), with triticale being the cereal monoculture with the 264 
highest net uptake (−348 g C m−2, Fig. 3.b). 265 
During the fallow period Reco was the dominant flux in all cases (Fig. 3.c), although there were some 266 
differences in the CO2 exchange dynamics between cereal monocultures and cereal-legume mixtures 267 
(Fig. 2.a), which were decisive for the cumulative net CO2 uptake of the whole crop season. During the 268 
fallow of grass-legume mixtures there was a more marked voluntary regrowth of the vegetation (Fig. 2.d) 269 
that promoted a period of net CO2 uptake after the harvest, especially strong in the triticale, oat and vetch 270 
mixture (year 2013), and the oat and vetch mixture (year 2014, Fig. 2.a). Note that although gap-filled 271 
2014 data were not used to account for CO2 exchange budgets (Fig. 3) due to systematic gaps; 2014 272 
gap-filled data could be used to describe CO2 exchange dynamics and allowed us to identify this rebound 273 
in the net CO2 uptake during the fallow period of that year. 274 
On the contrary, cereal monocultures generally did not show this voluntary regrowth during the fallow 275 
period (Fig. 2.d), and gross and net CO2 uptake capacity of the system decreased drastically (Fig. 2.a). The 276 
exception was the wheat monoculture in 2015, when there was vegetation voluntary regrowth after the 277 
harvest that resulted in net CO2 uptake during the fallow period. 278 
The diversity-interaction model (Table 2) confirmed the influence of forage species on NEE. The model 279 
estimates indicated less net CO2 uptake in cereal monocultures than in cereal-legume mixtures (Table 2, 280 
negative sign in the estimate means uptake), again with a high variability within cereal monocultures. 281 
Barley was the cereal monoculture with the lowest net uptake (−1.0 ± 0.3 µmol CO2 m
−2
 s
–1, t = −3.39, 282 
p < 0.001, Table 2) and triticale was the cereal monoculture with the highest net uptake among the 283 
monocultures (−1.6 ± 0.4 µmol CO2 m
−2
 s
–1, t = −4.40, p < 0.001, Table 2). Cereal-legume mixtures, 284 
however, showed higher net CO2 uptake rates (oat x vetch −2.0 ± 0.3 µmol CO2 m
−2
 s
−1
, t = −7.44, 285 
p < 0.001, Table 2) than all cereal species in monoculture. The addition of triticale in the mixture did not 286 
have a significant effect on NEE (Table 2). 287 
3.2 Cereal monocultures vs. cereal-legume mixtures: NEEday light response 288 
All three light response parameters exhibited pronounced seasonality, as result of phenological changes 289 
and management events (Fig. 4). During the growth period, cereal-legume mixtures exhibited on average 290 
slightly higher values of GPPsat than cereal monocultures, while Reco,day did not increase (Fig. 5). 291 
During the fallow period, cereal-legume mixtures presented on average significantly higher GPPsat  and 292 
α values than cereal monocultures (Fig. 5), due to the voluntary regrowth of the vegetation (Fig. 2.d), 293 
which also caused a rebound on GPPsat and α (Fig. 5). 294 
3.3 Cereal monocultures vs. cereal-legume mixtures: Reco,night response to temperature and soil 295 
water content 296 
Reco,night models, based on the equations proposed by Reichstein et al. (2002, our Eq. 4- 6), presented a 297 
satisfactory fitting, with R
2
 ranging from 0.19 to 0.75 across  seasons (Table 3). When assessing all seasons 298 
together, Ts and SWC drove Reco,night  (Fig. 6); with an activation energy (E0) significantly dependent on 299 
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SWC (E0~a+b·SWC, a = 76 ± 40 and b = 483 ± 259 ºC
−1
, Table 3), indicating that temperature sensitivity 300 
was dependent on SWC Eq. (5). Also, soil water content at which maximal Reco,night halves (SWC1/2) was 301 
significant (0.06 ± 0.01, Table 3), indicating that Reco,night decreased to half-maximum or lower at 302 
SWC ≤ 6 ±1 %. 303 
However, some estimates of the Reco,night response parameters were not significantly different from zero 304 
(p ≥ 0.05, see significant estimates in bold, Table 3); and when assessing differences between forage 305 
types, non-significant estimates were not considered for comparison. Yet, E0 of barley, in year 2011 306 
(b = 3668 ± 1645 ºC
−1
, Table 3), and of wheat, in year 2015 (b = 850 ± 627 ºC
−1
, Table 3), were 307 
significantly dependent on SWC, both values being much higher than the average of all crop seasons 308 
(b = 483 ± 259 ºC
−1
, Table 3). Also, the reference ecosystem respiration (Reco,ref) of triticale in year 2012, 309 
was significantly different from zero (4 ± 2 µmol CO2 m
–2
 s
–1
, Table 3), exceeding Reco,ref of all seasons 310 
together (2.8 ± 0.3 µmol CO2 m
−2
 s
–1
, Table 3). Finally, soil water content below which Reco,night ceases 311 
(SWC0) and SWC1/2 had a significant influence on Reco,night in the triticale, oat and vetch mixture 312 
(year 2013), the oat and vetch mixture (year 2014), and in the wheat monoculture (year 2015, Table 3). 313 
Both cereal-legume mixtures (year 2013 and 2014), had a SWC1/2 that was very close to SWC0, indicating 314 
that SWC could reach very low values before Reco,ref halved, although this SWC value was already very 315 
close to the limit at which Reco,ref ceases (SWC0). On the contrary, during the wheat monoculture of 2015, 316 
SWC1/2 (0.08 ± 0.03, Table 3) doubled SWC0 (0.04 ± 0.03, Table 3). 317 
3.4 Cereal monocultures vs. cereal-legume mixtures: Net biome production (NBP) 318 
Finally, NBP during the growth period indicated net C input into the system (negative NBP), except 319 
during the cereal monocultures of triticale (year 2012), and barley (year 2011, Fig. 7). The most negative 320 
NBP was detected in the wheat monoculture in 2015 (NBP ≈ −108 g C m−2, Fig. 7),  followed  by  the  oat  321 
and  vetch  mixture  in  2017  (NBP ≈ −67 g C m−2, Fig. 7). 322 
 323 
4. Discussion 324 
Forage species drove CO2 exchange responses consistently throughout the assessed years and different 325 
environmental conditions in the studied forage system of the Eastern Pyrenees. Cereal-legume mixtures 326 
had more negative NEE, during the whole crop season (Fig. 3.a) and during the growth period (Fig. 3.b) 327 
than cereal monocultures. Also, cereal-legume mixtures had lower NEE inter-annual variability 328 
(−363 g C m−2, year 2013, and −383 g C m−2
 
year 2017, Sect. 3.1) than cereal monocultures (ranging 329 
from −70 to −226 g C m−2, Sect. 3.1), suggesting a consistent diversity effect on NEE along different 330 
forage mixtures and proportions of species in the mixtures. 331 
Moreover, the diversity-interaction model (Table 2) confirmed the capacity of cereal-legume mixtures to 332 
take up more CO2, oat and vetch being the mixture with the highest net CO2 uptake (Table 2). The 333 
inclusion of legumes was key for promoting this diversity effect, since the oat and vetch mixture had a 334 
significant effect on NEE, while the triticale addition in the mixture did not significantly increase the net 335 
CO2 uptake (Table 2). 336 
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These results agree with our first hypothesis: cereal-legume mixtures enhance the net CO2 uptake in 337 
comparison to cereal monocultures (barley, wheat and triticale). Those differences in CO2 fluxes between 338 
cereal-legume mixtures and cereal monocultures could be explained by plant species complementarity, 339 
together with mechanisms related to ecophysiological responses, including CO2 uptake and respiration 340 
(Sect. 4.1), as well as management (Sect. 4.2). 341 
4.1 Forage species influence on gross CO2 uptake and respiration 342 
From a mechanistic perspective, cereal-legume mixtures had higher light use efficiency than cereal 343 
monocultures, as indicated by the slightly higher values of GPPsat achieved during the growth period, and 344 
the marked α and GPPsat rebound during the fallow period (Figs. 4-5). Accordingly, cereal legume 345 
mixtures have been reported to increase gross CO2 uptake, not only via the increased photosynthesis of 346 
legumes (Reich et al., 1997, 2003), but also increasing photosynthesis of the overall community via 347 
nitrogen transfer from the legume to the cereal in the mixture. Interestingly, our results showed that this 348 
increase in the gross CO2 uptake and the photosynthetic activity was not accompanied by a significant 349 
increase of daytime respiration rates (Reco,day, Figs. 4-5). 350 
On the other hand, Reco,night was clearly driven by Ts and SWC (Albergel et al., 2010; Davidson and 351 
Janssens, 2006; Yvon-Durocher et al., 2012), although it was limited at the highest Ts and lowest SWC 352 
(Fig. 6). In agreement, some authors have identified a temperature threshold at which temperature 353 
sensitivity changes, decreasing respiration (Carey et al., 2016; Hernandez and Picon-Cochard, 2016; 354 
Reichstein et al., 2002). This change in respiration-temperature sensitivity has been explained by 355 
(a) changes in  microbial activity (Balser and Wixon, 2009), decreasing the heterotrophic component of 356 
Reco; and (b) an indirect effect through limitations on GPP, resulting in limitations on the autotrophic 357 
component of Reco, particularly affected by the combination of high temperatures with low SWC (Niu et 358 
al., 2012; Reichstein et al., 2002). In our study, we did not partition Reco into autotrophic and 359 
heterotrophic respiration, but this shift in respiration-temperature at the highest temperatures and the 360 
lowest SWC mostly happened after harvest (Fig. 2), which irretrievably decreased GPP and 361 
photosynthesis, and most likely lowered the autotrophic component of Reco (Larsen et al., 2007).  362 
Moreover, Reco,night responded similarly to Ts and SWC in both cereal monocultures and cereal-legumes 363 
mixtures, since differences in CO2 respiration response to Ts and/or SWC were not detected (inconsistent 364 
differences between response parameters: Reco,ref, SWC0 , SWC1/2 and E0; see Table 3). This may well be 365 
because although generally legumes have higher autotrophic respiration rates, with both higher leaf (Li et 366 
al., 2016) and root respiration rates (Warembourg et al., 2003) than cereals, and there is a strong nitrogen 367 
content – respiration relationship (Reich et al., 2008), this increase in respiration is largely driven by 368 
higher GPP and photosynthetic activity (Larsen et al., 2007). Thus, although there had been differences in 369 
the autotrophic respiration resulting from differences in photosynthetic rates, this does not necessarily 370 
mean that night-time fluxes (Reco,night) of cereal-legume mixtures had higher temperature and/or SWC 371 
sensitivity than cereal monocultures. In addition, even if there had been differences between legume and 372 
cereal species in their Reco,night sensitivity to Ts and SWC, these differences were not noticeable at the 373 
community scale (Table 3). 374 
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Interestingly, this is in line with the previously discussed NEE light response results, since the increase in 375 
the CO2 input, favoured by the presence of legumes in the community, overcompensated CO2 respiration 376 
losses, both during day (Reco,day) and night (Reco,night) time. This is in agreement with our second 377 
hypothesis, cereal-legume mixtures having more negative NEE (Table 2) due to higher photosynthetic 378 
rates, but not higher respiration rates. Chen et al. (2017) found a similar result, with legumes increasing 379 
gross CO2 uptake (higher GPP), but not enhancing CO2 release, resulting in more negative NEE. Most 380 
likely, increased total nitrogen availability, mediated by legumes, increased photosynthetic activity of the 381 
overall community at a higher rate than respiration losses (Chen et al., 2017). 382 
4.2 Management associated with forage types: influence on NEE and NBP 383 
Management associated to each forage type had inherent particularities. Cereal monocultures were 384 
harvested once the yield was sufficiently dry and grains were mature; while cereal-legume mixtures were 385 
harvested when the vegetation was still fresh (before boot stage) for silage; the latter being a conventional 386 
practice to improve forage nutritional value, and favour the voluntary regrowth after the harvest 387 
(Canevari, 2000).  388 
In our study, these differences in harvesting time resulted in clear differences in vegetation regrowth 389 
dynamics (Fig. 2.d), which were decisive for the cumulative net CO2 uptake of the whole crop season. 390 
Thus, cereal-legume mixtures markedly regrew after the harvest, in May or early June, because the 391 
vegetation was still in an earlier stage of phenological development, and environmental conditions were 392 
also favourable during that time of the season. On the contrary, cereal monocultures had completed their 393 
development cycle, and this usually left no room for voluntary regrowth after harvest (Fig. 2.d), and 394 
hence no net CO2 uptake during the fallow period (Fig. 2.a). Also, seeds that remained in the field after 395 
the harvest did not encounter the environmental conditions required to germinate, since temperatures 396 
were too high and SWC was too low at that time of the season, July-August. 397 
On the other hand, all cereal-legume mixtures had a NBP that was negative during the growth period 398 
(Fig. 7), indicating that there was C input into the system beyond the yield. In this sense, it is worth 399 
estimating the optimum amount of biomass that can be harvested and left in the field, in order to achieve 400 
the maximum NBP of the system, without compromising the yield. Yet, our third hypothesis had to be 401 
rejected: cereal-legume mixtures did not clearly increase NBP as compared with cereal monocultures 402 
during the growth period, since some cereal monocultures (wheat, year 2015, and barley, year 2016) had 403 
a similar NBP during the growth period (Fig. 7). 404 
However, we do still believe that cereal-legume mixtures could have shown an increase in NBP 405 
magnitude (more negative NBP) compared with cereal monocultures, had we assessed the entire crop 406 
season (growth and fallow). The particularly pronounced voluntary regrowth of the vegetation during the 407 
fallow period of cereal-legume mixtures (Fig. 2.d), provided a profitable resource for livestock, besides 408 
providing an important litter input into the system. This, combined with the moderate grazing intensity 409 
(≈ 0.91 LSU ha−1), left an important part of the vegetation in the field, thereby increasing NBP, and partly 410 
offsetting C losses due to harvesting. Thus, for future studies, we recommend to estimate C exports 411 
through grazing during the fallow period (in addition to determine soil C content), to more accurately 412 
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estimate C inputs and exports, and consequently NBP during the whole crop season in the studied forage 413 
system. 414 
Finally, legumes present in cereal-legume mixtures had higher crude protein, lower neutral detergent 415 
fibre, and higher nitrogen content than all cereals (Table S1), and vegetation remaining in the field could 416 
also be increasing soil nitrogen. Soil nitrogen determination would also be recommendable in further 417 
studies to fully assess the effect of forage species on soil fertility. 418 
 419 
Conclusions 420 
Based on the findings of seven years of continuous NEE measurements in an intensively managed forage 421 
system in the Pyrenees, we found strong evidence that cereal-legume mixtures increased net CO2 uptake 422 
compared with cereal monocultures. Cereal-legume mixtures enhanced photosynthetic activity and gross 423 
CO2 uptake compared with cereal monocultures, without significantly increasing respiration, therefore 424 
increasing net CO2 uptake. Also, management practices associated with cereal-legume mixtures, 425 
particularly an earlier harvesting time, allowed higher voluntary regrowth of the vegetation during the 426 
fallow period. This provided additional feed for the livestock, and enhanced net CO2 uptake during that 427 
period, which was decisive for the net CO2 budget of the whole crop season. Cereal-legume mixtures 428 
enhance net CO2 uptake capacity of forage systems compared with cereal monocultures, while ensuring 429 
productivity and forage quality. 430 
 431 
Data availability 432 
Data are not public as are currently being used for other research projects. Please contact the 433 
corresponding author by e-mail for queries concerning the data used in this study. 434 
 435 
Author contribution 436 
MI performed research, analysed data and wrote the paper; NA conceived and designed the study, 437 
performed research and revised the paper; AR conceived and designed the study and revised the paper; 438 
WE analysed data and revised the paper; MTS conceived and designed the study and revised the paper. 439 
Competing interests 440 
The authors declare that they have no conflict of interest. 441 
https://doi.org/10.5194/bg-2020-173
Preprint. Discussion started: 11 June 2020
c© Author(s) 2020. CC BY 4.0 License.
14 
 
Acknowledgments 442 
We would like to thank F. Gouriveau, E. Ceschia and J. Elbers for their critical contribution to the 443 
installation of the eddy covariance tower and to data analysis, and D. Estany and H. Sarri for field 444 
assistance. The flux tower was installed during the FLUXPYR project (EFA34/08, INTERREG IV-A 445 
POCTEFA, financed by EU-ERDF, Generalitat de Catalunya and Conseil Régional Midi-Pyrénées). The 446 
following additional projects also contributed with funding to this work: CAPACITI (FP7/2007-2013 447 
grant agreement n° 275855), AGEC 2012 (Generalitat de Catalunya), CAPAS (Spanish Science 448 
Foundation, CGL2010-22378-C03-01), BIOGEI (Spanish Science Foundation, CGL2013-49142-C2-1-R, 449 
supported by a FPI fellowship for Mercedes Ibañez, BES-2014-069243) and IMAGINE (Spanish Science 450 
Foundation, CGL2017-85490-R). We would like to acknowledge the Forest Science and Technology 451 
Centre of Catalonia (CTFC) for support with study site maintenance. We would like to thank J. Plaixats 452 
and the Department of Animal and Food Science, Autonomous University of Barcelona for the forage 453 
quality analyses. 454 
  455 
https://doi.org/10.5194/bg-2020-173
Preprint. Discussion started: 11 June 2020
c© Author(s) 2020. CC BY 4.0 License.
15 
 
References 456 
Albergel, C., Calvet, J.-C., Gibelin, A.-L., Lafont, S., Roujean, J.-L., Berne, C., Traullé, O. and Fritz, N.: 457 
Observed and modelled ecosystem respiration and gross primary production of a grassland in 458 
southwestern France, Biogeosciences, 7, 1657–1668, doi:10.5194/bg-7-1657-2010, 2010. 459 
Ankom Thechnology: Procedures (for NDF, ADF, and in vitro Digestibility), [online] Available from: 460 
http://www.ankom.com/09_procedures.shtml, 2005. 461 
Aubinet, M., Feigenwinter, C., Heinesch, B., Laffineur, Q., Papale, D., Reichstein, M., Rinne, J. and Van 462 
Gorsel, E.: Nighttime Flux Correction, in Eddy Covariance: A Practical Guide to Measurement and Data 463 
Analysis, edited by M. Aubinet, T. Vesala, and D. Papale, pp. 133–157, Springer Netherlands, 464 
Dordrecht., 2012. 465 
Badía-Villas, D. and del Moral, F.: The Soils of Spain. World Soils Book Series, edited by J. Gallardo, 466 
Springer, Cham., 2016. 467 
Balser, T. C. and Wixon, D. L.: Investigating biological control over soil carbon temperature sensitivity, 468 
Glob. Chang. Biol., 15, 2935–2949, doi:10.1111/j.1365-2486.2009.01946.x, 2009. 469 
Berninger, F., Susiluoto, S., Gianelle, D., Bahn, M., Wohlfahrt, G., Sutton, M., Garcia-Pausas, J., 470 
Gimeno, C., Sanz, M. J., Dore, S., Rogiers, N., Furger, M., Balzarolo, M., Sebastià, M. T. and Tenhunen, 471 
J.: Management and site effects on carbon balances of European mountain meadows and rangelands, 472 
Boreal Environ. Res., 20, 748–760 [online] Available from: http://hdl.handle.net/10138/159764, 2015. 473 
Brophy, C., Finn, J. A., Lüscher, A., Suter, M., Kirwan, L., Sebastià, M. T., Helgadóttir, Á., Baadshaug, 474 
O. H., Bélanger, G., Black, A., Collins, R. P., Čop, J., Dalmannsdottir, S., Delgado, I., Elgersma, A., 475 
Fothergill, M., Frankow-Lindberg, B. E., Ghesquiere, A., Golinska, B., Golinski, P., Grieu, P., 476 
Gustavsson, A. M., Höglind, M., Huguenin-Elie, O., Jørgensen, M., Kadziuliene, Z., Kurki, P., Llurba, 477 
R., Lunnan, T., Porqueddu, C., Thumm, U. and Connolly, J.: Major shifts in species’ relative abundance 478 
in grassland mixtures alongside positive effects of species diversity in yield: a continental-scale 479 
experiment, J. Ecol., 105, 1210–1222, doi:10.1111/1365-2745.12754, 2017. 480 
Canevari, W. M.: Overseeding and Companion Cropping in Alfalfa, edited by U. Publications., 2000. 481 
Carey, J. C., Tang, J., Templer, P. H., Kroeger, K. D., Crowther, T. W., Burton, A. J., Dukes, J. S., 482 
Emmett, B., Frey, S. D., Heskel, M. A., Jiang, L., Machmuller, M. B., Mohan, J., Panetta, A. M., Reich, 483 
P. B., Reinsch, S., Wang, X., Allison, S. D., Bamminger, C., Bridgham, S., Collins, S. L., de Dato, G., 484 
Eddy, W. C., Enquist, B. J., Estiarte, M., Harte, J., Henderson, A., Johnson, B. R., Larsen, K. S., Luo, Y., 485 
Marhan, S., Melillo, J. M., Peñuelas, J., Pfeifer-Meister, L., Poll, C., Rastetter, E., Reinmann, A. B., 486 
Reynolds, L. L., Schmidt, I. K., Shaver, G. R., Strong, A. L., Suseela, V. and Tietema, A.: Temperature 487 
response of soil respiration largely unaltered with experimental warming, Proc. Natl. Acad. Sci., 113, 488 
13797–13802, doi:10.1073/pnas.1605365113, 2016. 489 
Ceschia, E., Béziat, P., Dejoux, J. F., Aubinet, M., Bernhofer, C., Bodson, B., Buchmann, N., Carrara, A., 490 
Cellier, P., Di Tommasi, P., Elbers, J. A., Eugster, W., Grünwald, T., Jacobs, C. M. J., Jans, W. W. P., 491 
Jones, M., Kutsch, W., Lanigan, G., Magliulo, E., Marloie, O., Moors, E. J., Moureaux, C., Olioso, A., 492 
Osborne, B., Sanz, M. J., Saunders, M., Smith, P., Soegaard, H. and Wattenbach, M.: Management effects 493 
on net ecosystem carbon and GHG budgets at European crop sites, Agric. Ecosyst. Environ., 139, 363–494 
383, doi:10.1016/j.agee.2010.09.020, 2010. 495 
https://doi.org/10.5194/bg-2020-173
Preprint. Discussion started: 11 June 2020
c© Author(s) 2020. CC BY 4.0 License.
16 
 
Chapagain, T. and Riseman, A.: Nitrogen and carbon transformations, water use efficiency and ecosystem 496 
productivity in monocultures and wheat-bean intercropping systems, Nutr. Cycl. Agroecosystems, 101(1), 497 
107–121, doi:10.1007/s10705-014-9647-4, 2015. 498 
Chen, J., Luo, Y., Xia, J., Wilcox, K. R., Cao, J., Zhou, X., Jiang, L., Niu, S., Estera, K. Y., Huang, R., 499 
Wu, F., Hu, T., Liang, J., Shi, Z., Guo, J. and Wang, R. W.: Warming Effects on Ecosystem Carbon 500 
Fluxes Are Modulated by Plant Functional Types, Ecosystems, 20, 515–526, doi:10.1007/s10021-016-501 
0035-6, 2017. 502 
Connolly, J., Sebastià, M. T., Kirwan, L., Finn, J. A., Llurba, R., Suter, M., Collins, R. P., Porqueddu, C., 503 
Helgadóttir, Á., Baadshaug, O. H., Bélanger, G., Black, A., Brophy, C., Čop, J., Dalmannsdóttir, S., 504 
Delgado, I., Elgersma, A., Fothergill, M., Frankow-Lindberg, B. E., Ghesquiere, A., Golinski, P., Grieu, 505 
P., Gustavsson, A. M., Höglind, M., Huguenin-Elie, O., Jørgensen, M., Kadziuliene, Z., Lunnan, T., 506 
Nykanen-Kurki, P., Ribas, A., Taube, F., Thumm, U., De Vliegher, A. and Lüscher, A.: Weed 507 
suppression greatly increased by plant diversity in intensively managed grasslands: A continental-scale 508 
experiment, J. Appl. Ecol., 55, 852–862, doi:10.1111/1365-2664.12991, 2018. 509 
Davidson, E. A. and Janssens, I. A.: Temperature sensitivity of soil carbon decomposition and feedbacks 510 
to climate change, Nature, 440, 165–173, doi:10.1038/nature04514, 2006. 511 
FAO: Challenges and opportunities for carbon sequestration in grassland systems. A technical report on 512 
grassland management and climate change mitigation, edited by R. T. Conant, Plant Production and 513 
Protection Division Food and Agriculture Organization of the United Nations (FAO)., 2010. 514 
Finn, J. A., Kirwan, L., Connolly, J., Sebastià, M. T., Helgadottir, A., Baadshaug, O. H., Bélanger, G., 515 
Black, A., Brophy, C., Collins, R. P., Čop, J., Dalmannsdóttir, S., Delgado, I., Elgersma, A., Fothergill, 516 
M., Frankow-Lindberg, B. E., Ghesquiere, A., Golinska, B., Golinski, P., Grieu, P., Gustavsson, A.-M., 517 
Höglind, M., Huguenin-Elie, O., Jørgensen, M., Kadziuliene, Z., Kurki, P., Llurba, R., Lunnan, T., 518 
Porqueddu, C., Suter, M., Thumm, U. and Lüscher, A.: Ecosystem function enhanced by combining four 519 
functional types of plant species in intensively managed grassland mixtures: a 3-year continental-scale 520 
field experiment, J. Appl. Ecol., 50, 365–375, doi:10.1111/1365-2664.12041, 2013. 521 
Foken, T., Gockede, M., Mauder, M., Mahrt, L., Amiro, B. D. and Munger, J. W.: Post-field quality 522 
control, in Handbook of Micrometeorology. Atmospheric and Oceanographic Sciences Library, vol 29., 523 
edited by X. Lee, W. Massman, and B. Law, pp. 81–108, Springer, Dordrecht., 2004. 524 
Frankow-Lindberg, B. E., Brophy, C., Collins, R. P. and Connolly, J.: Biodiversity effects on yield and 525 
unsown species invasion in a temperate forage ecosystem, Ann. Bot., 103(6), 913–921, 526 
doi:10.1093/aob/mcp008, 2009. 527 
Göckede, M., Foken, T., Aubinet, M., Aurela, M., Banza, J., Bernhofer, C., Bonnefond, J. M., Brunet, Y., 528 
Carrara, A. and Clement, R.: Quality control of CarboEurope flux data–Part I: Footprint analyses to 529 
evaluate sites in forest ecosystems, Biogeosciences Discuss., 5, 433–450, doi:10.5194/bg-5-433-2008, 530 
2008. 531 
Goering, H. K. and Soest, P. J. Van: Forage fiber analyses (Apparatus, Reagents, Procedures, and Some 532 
Applications), Agric. Handb., 379, 1–20, 1970. 533 
Hernandez, P. and Picon-Cochard, C.: Presence of Trifolium repens Promotes Complementarity of Water 534 
Use and N Facilitation in Diverse Grass Mixtures, Front. Plant Sci., 7(April), 1–14, 535 
https://doi.org/10.5194/bg-2020-173
Preprint. Discussion started: 11 June 2020
c© Author(s) 2020. CC BY 4.0 License.
17 
 
doi:10.3389/fpls.2016.00538, 2016. 536 
Hofer, D., Suter, M., Buchmann, N. and Lüscher, A.: Nitrogen status of functionally different forage 537 
species explains resistance to severe drought and post-drought overcompensation, Agric. Ecosyst. 538 
Environ., 236, 312–322, doi:10.1016/j.agee.2016.11.022, 2017. 539 
Imer, D., Merbold, L., Eugster, W. and Buchmann, N.: Temporal and spatial variations of soil CO2, CH4 540 
and N2O fluxes at three differently managed grasslands, Biogeosciences, 10, 5931–5945, doi:10.5194/bg-541 
10-5931-2013, 2013. 542 
Kirwan, L., Lüscher, A., Sebastià, M. T., Finn, J. A., Collins, R. P., Porqueddu, C., Helgadottir, A., 543 
Baadshaug, O. H., Brophy, C., Coran, C., Dalmannsdóttir, S., Delgado, I., Elgersma, A., Fothergill, M., 544 
Frankow-Lindberg, B. E., Golinski, P., Grieu, P., Gustavsson, A. M., Höglind, M., Huguenin-Elie, O., 545 
Iliadis, C., Jørgensen, M., Kadziuliene, Z., Karyotis, T., Lunnan, T., Malengier, M., Maltoni, S., Meyer, 546 
V., Nyfeler, D., Nykanen-Kurki, P., Parente, J., Smit, H. J., Humm, U. T. and Connolly, J.: Evenness 547 
drives consistent diversity effects in intensive grassland systems across 28 European sites, J. Ecol., 95, 548 
530–539, doi:10.1111/j.1365-2745.2007.01225.x, 2007. 549 
Kirwan, L., Connolly, J., Finn, J. A., Brophy, C., Lüscher, A., Nyfeler, D. and Sebastia, M.-T.: Diversity–550 
interaction modeling: estimating contributions of species identities and interactions to ecosystem 551 
function, Ecology, 90, 2032–2038, doi:10.1890/08-1684.1, 2009. 552 
Kljun, N., Calanca, P., Rotach, M. W. and Schmid, H. P.: A simple parametrisation for flux footprint 553 
predictions, Boundary-Layer Meteorol., 112, 503–523, doi:10.1023/B:BOUN.000, 2004. 554 
Kutsch, W. L., Aubinet, M., Buchmann, N., Smith, P., Osborne, B., Eugster, W., Wattenbach, M., 555 
Schrumpf, M., Schulze, E. D., Tomelleri, E., Ceschia, E., Bernhofer, C., Béziat, P., Carrara, A., Di 556 
Tommasi, P., Grunwald, T., Jones, M., Magliulo, V., Marloie, O., Moureaux, C., Olioso, A., Sanz, M. J., 557 
Saunders, M., Søgaard, H. and Ziegler, W.: The net biome production of full crop rotations in Europe, 558 
Agric. Ecosyst. Environ., 139, 336–345, doi:10.1016/j.agee.2010.07.016, 2010. 559 
Larsen, K. S., Ibrom, A., Beier, C., Jonasson, S. and Michelsen, A.: Ecosystem respiration depends 560 
strongly on photosynthesis in a temperate heath, Biogeochemistry, 85, 201–213, doi:10.1007/s10533-561 
007-9129-8, 2007. 562 
Li, J., Wang, G., Zhang, R. and Li, L.: A negative relationship between foliar carbon isotope composition 563 
and mass-based nitrogen concentration on the eastern slope of mount gongga, China, PLoS One, 11, 1–564 
14, doi:10.1371/journal.pone.0166958, 2016. 565 
Liu, M., Gong, J. R., Pan, Y., Luo, Q. P., Zhai, Z. W., Xu, S. and Yang, L. L.: Effects of grass-legume 566 
mixtures on the production and photosynthetic capacity of constructed grasslands in Inner Mongolia, 567 
China, Crop Pasture Sci., 67, 1188–1198, doi:10.1071/CP16063, 2016. 568 
Mendiburu, F.: agricolae: Statistical Procedures for Agricultural Research., R Packag. version 1.2-8. 569 
https//CRAN.R-project.org/package=agricolae, 2017. 570 
Milcu, A., Roscher, C., Gessler, A., Bachmann, D., Gockele, A., Guderle, M., Landais, D., Piel, C., 571 
Escape, C., Devidal, S., Ravel, O., Buchmann, N., Gleixner, G., Hildebrandt, A. and Roy, J.: Functional 572 
diversity of leaf nitrogen concentrations drives grassland carbon fluxes, Ecol. Lett., 17, 435–444, 573 
doi:10.1111/ele.12243, 2014. 574 
Moffat, A. M.: A new methodology to interpret high resolution measurements of net carbon fluxes 575 
https://doi.org/10.5194/bg-2020-173
Preprint. Discussion started: 11 June 2020
c© Author(s) 2020. CC BY 4.0 License.
18 
 
between terrestrial ecosystems and the atmosphere, Ph.D. thesis, Friedrich-Schiller-Universität, Jena, 576 
Germany, 124 pp. [online] Available from: http://hdl.handle.net/11858/00-001M-0000-000E-EFFF-7, 577 
2012. 578 
Moncrieff, J., Clement, R., Finnigan, J. and Meyers, T.: Averaging, Detrending, and Filtering of Eddy 579 
Covariance Time Series., in Handbook of Micrometeorology. Atmospheric and Oceanographic Sciences 580 
Library, vol 29., edited by X. Lee, W. Massman, and B. Law, Springer, Dordrecht., 2004. 581 
Moncrieff, J. B., Massheder, J. M., de Bruin, H., Elbers, J., Friborg, T., Heusinkveld, B., Kabat, P., Scott, 582 
S., Soegaard, H. and Verhoef, A.: A system to measure surface fluxes of momentum, sensible heat, water 583 
vapour and carbon dioxide, J. Hydrol., 188–189, 589–611, doi:10.1016/S0022-1694(96)03194-0, 1997. 584 
Moors, E. J., Jacobs, C., Jans, W., Supit, I., Kutsch, W. L., Bernhofer, C., Béziat, P., Buchmann, N., 585 
Carrara, A., Ceschia, E., Elbers, J., Eugster, W., Kruijt, B., Loubet, B., Magliulo, E., Moureaux, C., 586 
Olioso, A., Saunders, M. and Soegaard, H.: Variability in carbon exchange of European croplands, Agric. 587 
Ecosyst. Environ., 139, 325–335, doi:10.1016/j.agee.2010.04.013, 2010. 588 
Ninyerola, M., Pons, X. and Roure, J. M.: A methodological approach of climatological modelling of air 589 
temperature and precipitation through GIS techniques, Int. J. Climatol., 20, 1823–1841, 590 
doi:10.1002/1097-0088(20001130)20:14<1823::AID-JOC566>3.0.CO;2-B, 2000. 591 
Niu, S., Luo, Y., Fei, S., Yuan, W., Schimel, D., Law, B. E., Ammann, C., Arain, M. A., Arneth, A., 592 
Aubinet, M., Barr, A., Beringer, J., Bernhofer, C., Black, T. A., Buchmann, N., Cescatti, A., Chen, J., 593 
Davis, K. J., Dellwik, E., Desai, A. R., Etzold, S., Francois, L., Gianelle, D., Gielen, B., Goldstein, A., 594 
Gu, L., Hanan, N., Helfter, C., Hirano, T., Hollinger, D. Y., Mike, B., Kiely, G., Kolb, T. E., Kutsch, W. 595 
L., Lafleur, P., Lawrence, D. M., Lindroth, A., Litvak, M., Loustau, D., Lund, M., Marek, M., Martin, T. 596 
A., Matteucci, G., Migliavacca, M., Montagnani, L., Moors, E., Munger, J. W., Oechel, W., Olejnik, J., 597 
U, K. T. P., Pilegaard, K., Rambal, S., Spano, D., Stoy, P., Sutton, M. A., Varlagin, A. and Scott, R. L.: 598 
Thermal optimality of net ecosystem exchange of carbon dioxide and underlying mechanisms, New 599 
Phytol., 194, 775–783, doi:10.1111/j.1469-8137.2012.04095.x, 2012. 600 
Oertel, C., Matschullat, J., Zurba, K., Zimmermann, F. and Erasmi, S.: Greenhouse gas emissions from 601 
soils — A review, Chemie der Erde, 76, 327–352, doi:10.1016/j.chemer.2016.04.002, 2016. 602 
Orwin, K. H., Ostle, N., Wilby, A. and Bardgett, R. D.: Effects of species evenness and dominant species 603 
identity on multiple ecosystem functions in model grassland communities, Oecologia, 174, 979–992, 604 
doi:10.1007/s00442-013-2814-5, 2014. 605 
Papale, D.: Data Gap Filling, in Eddy Covariance: A Practical Guide to Measurement and Data Analysis, 606 
edited by M. Aubinet, T. Vesala, and D. Papale, pp. 159–172, London and New York., 2012. 607 
Peel, M. C., Finlayson, B. L. and McMahon, T. A.: Updated world map of the Köppen-Geiger climate 608 
classification, Hydrol. Earth Syst. Sci., 11, 1633–1644, doi:10.5194/hess-11-1633-2007, 2007. 609 
Pinheiro, J. C., Bates, D., DebRoy, S. and Sarkar, D.: nlme: Linear and Nonlinear Mixed Effects Models. 610 
R package version 3.1-121, [online] Available from: https://cran.r-project.org/package=nlme., 2015. 611 
Porqueddu, C., Ates, S., Louhaichi, M., Kyriazopoulos, A. P., Moreno, G., del Pozo, A., Ovalle, C., 612 
Ewing, M. A. and Nichols, P. G. H.: Grasslands in “Old World” and “New World” Mediterranean-613 
climate zones: Past trends, current status and future research priorities, Grass Forage Sci., 71(1), 1–35, 614 
doi:10.1111/gfs.12212, 2016. 615 
https://doi.org/10.5194/bg-2020-173
Preprint. Discussion started: 11 June 2020
c© Author(s) 2020. CC BY 4.0 License.
19 
 
Reich, P. B., Walters, M. B. and Ellsworth, D. S.: From tropics to tundra: Global convergence in plant 616 
functioning, Ecology, 94, 13730–13734, doi:10.1073/pnas.94.25.13730, 1997. 617 
Reich, P. B., Buschena, C., Tjoelker, M. G., Wrage, K., Knops, J., Tilman, D. and Machado, J. L.: 618 
Variation in growth rate and ecophysiology among 34 grassland and savanna species under contrasting N 619 
supply: A test of functional group differences, New Phytol., 157, 617–631, doi:10.1046/j.1469-620 
8137.2003.00703.x, 2003. 621 
Reich, P. B., Tjoelker, M. G., Pregitzer, K. S., Wright, I. J., Oleksyn, J. and Machado, J. L.: Scaling of 622 
respiration to nitrogen in leaves, stems and roots of higher land plants, Ecol. Lett., 11, 793–801, 623 
doi:10.1111/j.1461-0248.2008.01185.x, 2008. 624 
Reichstein, M., Tenhunen, J. D., Roupsard, O., Ourcival, J. M., Rambal, S., Miglietta, F., Peressotti, A., 625 
Pecchiari, M., Tirone, G. and Valentini, R.: Severe drought effects on ecosystem CO2 and H2O fluxes at 626 
three Mediterranean evergreen sites: revision of current hypotheses?, Glob. Chang. Biol., 8, 999–1017, 627 
doi:10.1046/j.1365-2486.2002.00530.x, 2002. 628 
Reichstein, M., Falge, E., Baldocchi, D., Papale, D., Aubinet, M., Berbigier, P., Bernhofer, C., 629 
Buchmann, N., Gilmanov, T., Granier, A., Grünwald, T., Havránková, K., Ilvesniemi, H., Janous, D., 630 
Knohl, A., Laurila, T., Lohila, A., Loustau, D., Matteucci, G., Meyers, T., Miglietta, F., Ourcival, J. M., 631 
Pumpanen, J., Rambal, S., Rotenberg, E., Sanz, M., Tenhunen, J., Seufert, G., Vaccari, F., Vesala, T., 632 
Yakir, D. and Valentini, R.: On the separation of net ecosystem exchange into assimilation and ecosystem 633 
respiration: review and improved algorithm, Glob. Chang. Biol., 11, 1424–1439, doi:10.1111/j.1365-634 
2486.2005.001002.x, 2005. 635 
Ribas, A., Llurba, R., Gouriveau, F., Altimir, N., Connolly, J. and Sebastià, M. T.: Plant identity and 636 
evenness affect yield and trace gas exchanges in forage mixtures, Plant Soil, 391(1–2), 93–108, 637 
doi:10.1007/s11104-015-2407-7, 2015. 638 
Sánchez, B., Medina, F. and Iglesias, A.: Typical farming systems and trends in crop and soil 639 
management in Europe, Madrid., 2013. 640 
Schaufler, G., Kitzler, B., Schindlbacher, A., Skiba, U., Sutton, M. A. and Zechmeister-Boltenstern, S.: 641 
Greenhouse gas emissions from European soils under different land use: effects of soil moisture and 642 
temperature, Eur. J. Soil Sci., 61, 683–696, doi:10.1111/j.1365-2389.2010.01277.x, 2010. 643 
Sebastià, M.-T., Palero, N. and De Bello, F.: Changes in management modify agro-diversity in sainfoin 644 
swards in the Eastern Pyrenees, Agron. Sustain. Dev., 31(3), 533–540, doi:10.1007/s13593-011-0008-2, 645 
2011. 646 
Smit, H. J., Metzger, M. J. and Ewert, F.: Spatial distribution of grassland productivity and land use in 647 
Europe, Agric. Syst., 98(3), 208–219, doi:10.1016/j.agsy.2008.07.004, 2008. 648 
Van Soest, P. J., Robertson, J. B. and Lewis, B. A.: Methods for Dietary Fiber, Neutral Detergent Fiber, 649 
and Nonstarch Polysaccharides in Relation to Animal Nutrition, J. Dairy Sci., 74, 3583–3597, 650 
doi:10.3168/jds.s0022-0302(91)78551-2, 1991. 651 
Soussana, J. F., Tallec, T. and Blanfort, V.: Mitigating the greenhouse gas balance of ruminant production 652 
systems through carbon sequestration in grasslands, Animal, 4, 334–350, 653 
doi:10.1017/s1751731109990784, 2010. 654 
Steinfeld, H. and Wassenaar, T.: The Role of Livestock Production in Carbon and Nitrogen Cycles, Annu. 655 
https://doi.org/10.5194/bg-2020-173
Preprint. Discussion started: 11 June 2020
c© Author(s) 2020. CC BY 4.0 License.
20 
 
Rev. Environ. Resour., 32(1), 271–294, doi:10.1146/annurev.energy.32.041806.143508, 2007. 656 
Sturludóttir, E., Brophy, C., Bélanger, G., Gustavsson, A. M., Jørgensen, M., Lunnan, T. and Helgadóttir, 657 
Á.: Benefits of mixing grasses and legumes for herbage yield and nutritive value in Northern Europe and 658 
Canada, Grass Forage Sci., 69, 229–240, doi:10.1111/gfs.12037, 2013. 659 
Suter, M., Connolly, J., Finn, J. A., Loges, R., Kirwan, L., Sebastià, M.-T. and Lüscher, A.: Nitrogen 660 
yield advantage from grass-legume mixtures is robust over a wide range of legume proportions and 661 
environmental conditions, Glob. Chang. Biol., 21(6), 2424–2438, doi:10.1111/gcb.12880, 2015. 662 
Vuichard, N., Ciais, P., Viovy, N., Li, L., Ceschia, E., Wattenbach, M., Bernhofer, C., Emmel, C., 663 
Grünwald, T., Jans, W., Loubet, B. and Wu, X.: Simulating the net ecosystem CO2 exchange and its 664 
components over winter wheat cultivation sites across a large climate gradient in Europe using the 665 
ORCHIDEE-STICS generic model, Agric. Ecosyst. Environ., 226, 1–17, doi:10.1016/j.agee.2016.04.017, 666 
2016. 667 
Warembourg, F. R., Roumet, C. and Lafont, F.: Differences in rhizosphere carbon-partitioning among 668 
plant species of different families, Plant Soil, 256, 347–357, doi:10.1023/A:1026147622800, 2003. 669 
Webb, E. K., Pearman, G. I. and Leuning, R.: Correction of flux measurements for density effects due to 670 
heat and water vapour transfer, Q. J. R. Meteorol. Soc., 106, 85–100, doi:10.1002/qj.49710644707, 1980. 671 
Wolfgang, W. W., Christiane, R., Meyer, S. T., Ebeling, A., Luo, G., Allan, E., Beßler, H., Barnard, R. 672 
L., Buchmann, N., Buscot, F., Engels, C., Fischer, C., Fischer, M., Gessler, A., Gleixner, G., Halle, S., 673 
Hildebrandt, A., Hillebrand, H., de Kroon, H., Lange, M., Leimer, S., Le Roux, X., Milcu, A., Mommer, 674 
L., Niklaus, P. A., Oelmann, Y., Proulx, R., Roy, J., Scherber, C., Scherer-Lorenzen, M., Scheu, S., 675 
Tscharntke, T., Wachendorf, M., Wagg, C., Weigelt, A., Wilcke, W., Wirth, C., Schulze, E. D., Schmid, 676 
B. and Eisenhauer, N.: Biodiversity effects on ecosystem functioning in a 15-year grassland experiment: 677 
Patterns, mechanisms, and open questions, Basic Appl. Ecol., 23, 1–73, doi:10.1016/j.baae.2017.06.002, 678 
2017. 679 
Wutzler, T., Reichstein, M., Moffat, A. M. and Migliavacca, M.: REddyProc: Post Processing of (Half-680 
)Hourly Eddy-Covariance Measurements. R package version 1.1.3., https://CRAN.R-681 
project.org/package=REddyProc, doi:10.5194/bg-3-571-2006>, 2018. 682 
Yvon-Durocher, G., Caffrey, J. M., Cescatti, A., Dossena, M., Giorgio, P., Gasol, J. M., Montoya, M., 683 
Pumpanen, J., Staehr, P. A., Trimmer, M., Woodward, G. and Allen, A. P.: Reconciling the temperature 684 
dependence of respiration across timescales and ecosystem types, Nature, 487, 472–476, 685 
doi:10.1038/nature11205, 2012. 686 
  687 
https://doi.org/10.5194/bg-2020-173
Preprint. Discussion started: 11 June 2020
c© Author(s) 2020. CC BY 4.0 License.
21 
 
Tables 688 
Table 1. Sward management: Forage type, species, fertilizer type (NPK 9-23-30: nitrogen 9%, phosphorus 689 
23%, potassium 30%; urea; and NAC 27: calcium ammonium nitrate 27% nitrogen) and rate, sowing date 690 
and rate, harvesting date, yield and C exported through yield. 691 
 692 
693 
Forage type Species 
Fertilizer 
(kg ha
−1
) 
Sowing 
date 
Sowing 
rate 
(kg ha
−1
) 
Harvesting 
date 
Yield (dry weight) 
(kg ha
−1
) (g C m
−2
) 
Cereal 
monoculture 
Barley 
NPK 
9-23-30, 
250 
01/11/2010 221 07/07/2011 3000 138 
Cereal  
monoculture 
Triticale Urea, 140 01/11/2011 221 01/07/2012 13133 607 
Cereal-legume 
mixture 
Triticale, 
oat, vetch 
Not applied 01/11/2012 225 19/06/2013 7500 339 
Cereal-legume 
mixture 
Oat, vetch Urea, 130 01/11/2013 239 01/07/2014 6720 304 
Cereal  
monoculture 
Wheat 
NPK 
9-23-30, 
250 
Urea, 120 
01/11/2014 212 01/08/2015 2580 118 
Cereal  
monoculture 
Barley 
NAC 27, 
100 
01/11/2015 221 01/09/2016 4500 208 
Cereal-legume 
mixture 
Oat, vetch Not applied 01/11/2016 235 01/06/2017 7200 326 
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Table 2. Diversity-interaction model results. Net ecosystem exchange (NEE) as function of air temperature 694 
(Ta), net radiation (Rnet), vapour pressure deficit (VPD), and species proportions: barley, triticale, wheat, oat 695 
and vetch (see forage species proportions in Fig. 1). Model performed on weekly-averaged values of all the 696 
variables. Estimates (Est.) of the explanatory variables, standard error (SE), t and p-value. 697 
 698 
 NEE (µmol CO2 m
−2 s–1) 
 Est. SE t p 
Ta (ºC) 0.19 0.04 5.06 < 0.001 
Rnet (W m
−2) −0.030 0.002 −12.61 < 0.001 
VPD (hPa) 0.17 0.05 3.56 < 0.001 
Barley (fraction) −1.0 0.3 −3.39 < 0.001 
Triticale (fraction) −1.6 0.4 −4.40 < 0.001 
Wheat (fraction) −1.5 0.3 −4.42 < 0.001 
Oat x vetch (fraction) −2.0 0.3 −7.44 < 0.001 
Triticale x oat x vetch (fraction) 1 2 0.58 0.6 
R2Adj 0.45   < 0.001 
 699 
  700 
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Table 3. Reco,night soil temperature and soil water content response parameters based on the equations proposed 701 
by Reichstein et al. (2002, Eq. 4-6): reference ecosystem respiration (Reco,ref); soil water content below which 702 
Reco ceases (SWC0 ); soil water content at which maximal Reco,night halves (SWC1/2); and a and b parameters of 703 
the activation energy linear function (E0 = a + b · SWC). Model performed on weekly averaged values of all 704 
the variables. Estimates (Est.) and standard error (SE) of the parameters. Estimates in bold are significantly 705 
different from zero (p < 0.05). 706 
 707 
Parameters 
2011 
Barley 
2012 
Triticale 
2013 
Triticale, 
oat, vetch 
2014 Oat, 
vetch 
2015 Wheat 
2016 
Barley 
2017 Oat, 
vetch 
All  seasons 
Est. SE Est. SE Est. SE Est. SE Est. SE Est. SE Est. SE Est. SE 
Reco,ref 
(µmol CO2 m
–2 s–1) 
1 2 4 2 2.9 0.3 2.3 0.2 2.7 0.6 9 15 3 2 2.8 0.3 
SWC0 (fraction) 0.3 0.6 0.01 0.02 0.048 0.005 0.05 0.002 0.04 0.03 0.03 0.06 0 0.2 0.01 0.01 
SWC1/2 (fraction) 0.4 0.9 0.1 0.1 0.054 0.003 0.052 0.002 0.08 0.03 0 1 0.1 0.07 0.06 0.01 
a (ºC−1) –263 221 136 135 215 94 162 138 64 118 83 140 18 126 76 40 
b (ºC−1) 3688 1645 596 1251 –603 744 547 987 850 627 -37 833 451 694 483 259 
R2  0.59 0.61 0.49 0.69 0.75 0.36 0.19 0.35 
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Figures 708 
Figure 1. Crop rotation timeline, species proportions and management events: black dashed lines indicate 709 
harvesting and solid black lines indicate sowing. Top black bands indicate fallow periods in which there was 710 
grazing. 711 
  712 
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Figure 2. Daily averaged (a) CO2 fluxes: net ecosystem exchange (NEE), gross primary production (GPP) and 713 
ecosystem respiration (Reco); (b) air temperature (Ta); (c) volumetric soil water content (SWC); and 714 
(d) normalized difference vegetation index (NDVI). Titles in the top panel indicate forage species. Black 715 
dashed lines indicate harvest events and solid black lines indicate sowing events. Top black bands indicate 716 
fallow periods in which there was grazing.  717 
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Figure 3. Net ecosystem exchange (NEE), gross primary production (GPP) and ecosystem respiration (Reco) 718 
budgets after gap-filling per: (a) Crop season, defined as the time from sowing to next sowing; (b) growth 719 
period, defined as the time from sowing to harvest; and (c) fallow period, defined as the time from harvest to 720 
next sowing. Solid diagonal line indicates NEE = 0 g C m−2, dashed diagonal lines indicate ± 200 g C m−2 NEE 721 
intervals. Open symbols indicate cereal monocultures and solid symbols cereal-legume mixtures. 722 
 723 
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Figure 4. Seasonal dynamics of NEEday light response parameters Eq. (3): (a) apparent initial quantum yield 724 
(α); (b) asymptotic gross primary production (GPPsat); and (c) daytime ecosystem respiration (Reco,day). 725 
Weekly averaged values and corresponding standard error bars. Titles in the top panels indicate forage 726 
species. Black dashed lines indicate harvesting events. Top black bands indicate fallow periods in which there 727 
was grazing. Gaps are due to missing data or not significant estimates (p ≥ 0.05), which have been discarded. 728 
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Figure 5. Light response parameters Eq. (3): (a) apparent initial quantum yield (α); (b) asymptotic gross 730 
primary production (GPPsat); and (c) average daytime ecosystem respiration (Reco,day) mean ± standard error, 731 
and Tukey post-hoc test per forage type (C: cereal monoculture, CL: cereal-legume mixture) and period 732 
(growth and fallow). Letters indicate significant differences among groups (p < 0.05). See ANOVAs results in 733 
Table S3.  734 
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Figure 6. Reco,night trend surface as a function of soil temperature (Ts) and soil water content (SWC), by the 735 
equations proposed by Reichstein et al. (2002, Eq. 4-6). Model performed on weekly averaged data of all the 736 
variables. The grid shows the trend surface and dots are observed data. 737 
  738 
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Figure 7. Net biome production (NBP), net ecosystem exchange (NEE) and yield during the growth period, 739 
defined as the time from sowing to harvest. Solid diagonal line indicates NBP = 0 g C m−2, dashed diagonal 740 
lines indicate ± 100 g C m−2 NBP intervals. Open symbols indicate cereal monocultures and solid symbols 741 
cereal-legume mixtures. 742 
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